Objectives-The feasible application of vector flow mapping (VFM)-derived right ventricular (RV) energy loss (EL) is lacking. This study was designed to determine reference values of VFM-derived EL within the right ventricle and evaluate potential correlated variables.
R ight ventricular (RV) function plays a crucial role in therapeutic guiding and prognostic predicting in patients with cardiopulmonary pathologies. However, structural and volumetric parameters may lag behind the progression of disease and improvements in treatment. 1 In recent years, alterations in hemodynamics have been increasingly considered as novel imaging markers of impaired ventricular efficiency because changes of blood flow in the heart and great vessels may precede structural changes. Energy consumed by frictional heat in the circulatory system due to viscosity is referred to as energy loss (EL), which is high in vortices and low in laminar flow environments. 2 Studies have revealed that indexes based on the EL concept can assess the severity and prognosis of aortic stenosis. 3, 4 However, due to technical difficulties in EL calculation, research related to EL progresses slowly.
Vector flow mapping (VFM) is a novel echocardiographic technique that allows visualization of velocity vectors of blood flow and quantification of dissipative EL. 5, 6 Studies had established reference values of VFMderived EL within the left ventricle 7 and showed that it is a more sensitive indicator of left ventricular function in patients with diabetes mellitus and end-stage renal disease. [8] [9] [10] However, the feasible application of VFMderived EL within the right ventricle was lacking. This study was designed to determine reference values of VFM-derived RV-EL for healthy children and to evaluate potential correlated variables.
Materials and Methods

Study Participants
We prospectively recruited 139 healthy children (aged 1-18 years) who underwent echocardiography for health examination purposes, or heart murmur screening, between May 2016 and January 2017 at West China Hospital. Forty-nine patients were excluded because of structurally or functionally abnormal hearts (n 5 6), irregular rhythm (n 5 1), greater or equal to mild tricuspid valve regurgitation (n 5 6) and pulmonary valve regurgitation (n 5 5), or nonqualified echocardiographic imaging (n 5 31). Ultimately, 90 subjects were enrolled. The baseline characteristics of this cohort are shown in Table  T1 1. The study protocol was approved by the Ethics Committee of the West China Hospital of Sichuan University (Sichuan, China). Written informed consent was obtained from the parents of all participants.
Echocardiographic Examination
All echocardiographic image acquisitions were performed by a single experienced sonographer using a ProSound F75 ultrasound system (Hitachi-Aloka Medical, Ltd., Tokyo, Japan) equipped with a 5-MHz transducer. Two of the enrolled infants were sedated with 10% chloral hydrate (oral administration), which has little effect on echocardiography assessments, prior to the assessment because of noncooperation. Images for flow visualization were acquired in VFM mode in a parasternal short-axis view, which included part of the right ventricular outflow tract, pulmonary valve, and pulmonary trunk in the color-scan area. Images were also acquired in an RVfocused apical 4-chamber view, which included the entire right ventricle and tricuspid valve, and prevented apex foreshortening. Image width, depth, and spatial-temporal settings were adjusted to maintain a frame rate of more than 20 frames per second. The Nyquist limit for 2-dimensional color Doppler imaging was set appropriately (in the range of 65-75 cm/s) to maximize mitigation of the aliasing phenomena. Images from 3 consecutive cycles were stored digitally and analyzed offline.
The RV index of myocardial performance (Tei index, an index of global RV performance) and tricuspid E/e 0 , ratio of tricuspid inflow early diastolic velocity (E), and lateral tricuspid annular spectral tissue Doppler early diastolic velocity (e 0 ), were obtained by the "dualDoppler method" in the parasternal short-axis view, and the apical 4-chamber view, respectively ( Figure S1 , A and B). The proximal RV outflow diameter was measured in the parasternal long-axis plane at end diastole. Tricuspid annular plane systolic excursion (TAPSE), Doppler tissue imaging-derived tricuspid lateral annular systolic velocity (DTI-S 0 ), and fractional area change were calculated according to standard methods recommended by the latest American Society of Echocardiography and European Association of Cardiovascular Imaging guidelines. 11 All echocardiographic parameters were calculated as mean values of 3 consecutive cardiac cycles.
Analysis of the RV Strain and EL Two-dimensional tissue tracking analyses were performed using commercial software (DAS-RS1; Hitachi Aloka Medical, Ltd.). RV-focused apical 4-chamber views were recorded using conventional 2-dimensional gray scale imaging, for which the frame rate was set to at least 60 frames/second. The RV endocardial border was manually delineated at late diastole, and the software automatically tracked the contours onto the other frames ( Figure S2A ). The software also automatically generated curves of the RV global longitudinal strain, including the RV free wall and interventricular septum ( Figure S2B ).
EL analysis was executed offline using VFM workstation software (DAS-RS1; Hitachi Aloka Medical Ltd.). The part of RV outflow tract and pulmonary trunk (OP), with the distal end demarcated just proximal to the pulmonary artery bifurcation, in the parasternal short-axis view and RV cavity in the RV focused apical 4-chamber view were set as the region of interest for analysis. The endocardial border was manually traced at end systole and then automatically determined throughout the remaining frames. After the region of interest was selected, EL was automatically calculated in 2 dimensions using an algorithm as follows:
where m indicates the blood viscosity coefficient (0.004 Pa Á S). u is the velocity component of the x direction (horizontal to the echo beam), and v is the velocity component of the y direction (perpendicular to the echo beam), which are measured based on the color Doppler and speckle tracking data, respectively. 6 EL was the total of the square of difference of adjacent vectors. The EL represents the amount of energy consumed per unit time. Therefore, the unit for EL is watt (or joule/ sec). In the VFM application, EL is calculated based on 2-dimensional flow, instead of the actual 3-dimensional flow; thus, the unit of EL is watt/meter (W/m).
The VFM software yields 2 different ELs, EL_SUM and EL_AVE ( Figure  F1  1, A and B) . EL_SUM is the total EL within the region of interest, and EL_AVE indicates EL per 1 m 2 . Children with a larger body size would show a higher EL_SUM, because the region of interest used for the calculation of EL is more spacious. Thus, EL_AVE was adopted in the present study. In addition, tricuspid valve closure and pulmonary valve opening, combined with the electrocardiogram, was used to separate systole from diastole. Diastolic EL and systolic EL within the region of interest were defined as the mean EL during diastole and systole, and were calculated over 3 successive cardiac cycles. To improve the measurement accuracy, poorly tracked frames were manually modified. a P < 0.001 versus 1 to 5 years. b P < 0.01 versus 1 to 5 years. c P < 0.001 versus 6 to 10 years. d P < 0.01 versus 6 to 10 years. e P < 0.05 versus 1 to 5 years. f P < 0.05 versus 6 to 10 years. BSA indicates body surface area; DTI-S 0 , Doppler tissue imaging-derived tricuspid lateral annular systolic velocity; EL, energy loss; FAC, fractional area change; HR, heart rate; LVEF, left ventricular ejection fraction; OP, right ventricular outflow tract and pulmonary trunk; RA, right atrium; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion; Tricuspid E/e 0 , ratio of tricuspid inflow early diastolic velocity (E) and lateral tricuspid annular spectral tissue Doppler early diastolic velocity (e 0 ).
Reproducibility
Deformational and EL variables were measured successively in 20 randomly selected subjects to determine intra-and interobserver reproducibility. To test intraobserver variability, a single observer analyzed the data twice on occasions separated by an interval of 1 month.
To test interobserver variability, a second observer analyzed the same data but was blinded to the first observer's measurements.
Statistical Analyses
All statistical analyses were conducted using SPSS version 19.0 (IBM Corporation, Armonk, NY). The Kolmogorov-Smirnov test was used to estimate the normality of the distributions of continuous data. Continuous variables with normal distributions are presented as means 6 standard deviations, while those with skewed distributions are expressed as medians (interquartile ranges). Different age groups were compared by analysis of variance with the Bonferroni post hoc test or by the Kruskal-Wallis test with the Nemenyi post hoc test. Spearman correlation was used to assess relationships between EL and age, heart rate, and indicators of RV function. To determine the independent variables associated with lg10-transformed EL (due to lack of normality), a stepwise multiple linear regression analysis was performed using the following variables: age, heart rate, and indicators of RV function (TAPSE, fractional area change, DTI-S 0 , E/e 0 , Tei index, and strain). Furthermore, we investigated whether there was an interaction between the independent variables by adding collinearity to the regression analysis. Agreement between the repeated measurements was assessed using percentage variability, defined as the absolute difference as a percentage of the mean of repeated measurements (in percentage), and by intraclass correlation coefficients with 95% confidence intervals. All tests were 2-sided, and P less than .05 was assumed as significant.
Results
Patient Characteristics
The demographic, echocardiographic characteristics, and deformational and EL values of the participants are summarized in Table 1 . Mean subject age was 8.99 6 5.35 years. In all subjects, heart rate was between the 1st and 99th percentiles of the published age-specific reference values. 12 Height, weight, body surface area, right atrium and right ventricle dimensions, TAPSE, and DTI-S 0 increased with increasing age. In contrast, the RV Tei index, and absolute value of strain decreased with increasing age. There were no significant differences between age groups in terms of left ventricular ejection fraction, RV fractional area change, and tricuspid E/e 0 .
The EL Measurements and EL Time Curve
The median (interquartile range) was 8. . EL-AVE was analyzed in this study. (B) The RV cavity was set as the region of interest.
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systole within the right ventricle, whereas, intra-OP, the EL was higher during systole than diastole. The EL profile curve of the right ventricle and OP displayed the dynamic process throughout the cardiac cycle ( Figure  F2 2). During the early diastolic phase, rapid filling resulted in rapid changes in vorticity and the formation of vortices in the cavities of the right ventricle. Therefore, EL was higher and reached its peak rapidly (an approximate 10-fold increase) after the tricuspid valve opened. During diastasis, a rapid reduction in EL was observed. The EL increased again following atrial contraction during late diastole. During systole, EL was relatively low and was maintained because blood flow was well aligned toward the outflow, and less turbulence was generated in the right ventricle. After the pulmonary valve opened, blood flowed toward the pulmonary trunk. Thus, the EL time curve of OP demonstrated a peak during mid-systole and informed the evaluation of peak EL. However, during diastole, the EL intra-OP was relatively low.
Variables Correlated With Dissipative EL
Correlations between the dissipative EL F3
with both age and heart rate are shown in Figures 3 and  F4 4. There was a strong negative correlation between RV diastolic EL ( Figure 3A ; r 5 2.821, P < .001), RV systolic EL (Figure 3B ; r 5 2.709, P < .001), OP diastolic EL ( Figure  3C ; r 5 2.597, P < .001), and OP systolic EL ( Figure  3D ; r 5 2.672, P < .001), with age. There was a strong positive correlation of RV diastolic EL ( Figure 4A ; r 5 .695, P < .001), RV systolic EL ( Figure 4B ; r 5 .576, P < .001), OP diastolic EL ( Figure 4C ; r 5 .530, P < .001), and OP systolic EL ( Figure 4D ; r 5 .589, P < .001) with heart rate. In the univariate correlation analysis between indicators of RV function and EL, the RV Tei index positively correlated with EL. Meanwhile, the RV global strain negatively correlated with EL (Table  T2  2 ). Collinearity revealed that there was a negative correlation between age and heart rate (r 5 2.73, P < .001). No significant correlation was found among other variables. Multivariate linear regression analysis showed that age was the main independent predictor of RV diastolic EL (b 5 2.725, P < .001), RV systolic EL (b 5 2.868, P < .001), OP diastolic EL (b 5 2.836, P < .001), and OP systolic EL (b 5 2.667, P < .001)), while heart rate and strain were contributors to RV diastolic EL and OP systolic EL (Table  T3  3 ). Although the RV Tei index The EL profile curves were demonstrated to intuitively represent the EL along with time changes. EL rapidly reached a peak after the tricuspid valve was opened; there was also a rapid reduction of EL during diastasis. Subsequently, EL increased again following atrial contraction during late diastole, but maintained at a relatively low level during systole. The EL time curve of OP demonstrated a peak during midsystole and informed the evaluation of peak EL.
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J Ultrasound Med 2018; 00:00-00correlated with EL in the univariate correlation analysis, it was not associated with EL in multiple linear regression analyses.
Reproducibility
As shown in Table  T4 4, intra-and interobserver reproducibility for the EL and strain analysis was good.
Discussion
In recent years, efforts were made to develop imaging modalities to visualize blood flow and quantify the characteristics of fluid dynamics. [13] [14] [15] Computational models of fluid dynamics using reconstructive images acquired from computed tomography or magnetic resonance imaging have been used to assess hemodynamics for the individualized surgical treatment of congenital heart disease. 16, 17 However, such computational models require further development to fully incorporate the clinical practice due to the complex geometric model and technical difficulty of EL measurement. Studies have also attempted to measure RV kinetic energy in patients with pulmonary arterial hypertension, Fontan circulation, and tetralogy of Fallot using 4-dimensional flow magnetic resonance imaging. [18] [19] [20] Nonetheless, this methodology is associated with several intrinsic limitations. For example, limitations include ionizing, extensive imaging, and postprocessing time, and this method cannot be used on patients with implanted metal devices. Figure 4 . The dissipative EL significantly and positively correlated with heart rate. RV diastolic EL (A), RV systolic EL (B), OP diastolic EL (C), and OP systolic EL (D) were positively correlated with heart rate (r 5 0.695, 0.576, 0.530, and 0.589, respectively, all P <.001). Boy and girl subjects are plotted as blue and green circles, respectively.
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VFM provides a feasible method for the collection of velocity data needed to determine flow field and energy measurements throughout the cardiac cycle. The accuracy of velocity vectors computed by VFM has been verified by comparison with values computed by particle image velocimetry. 21 Hayashi et al 7 and Akiyama et al 22 have provided EL reference values within the left ventricle in children and adults. Moreover, a recent study performed by Honda et al 23 revealed that in children with ventricular septal defects, diastolic, peak, and systolic EL of the left ventricle were significantly and positively correlated with catheterization parameters (RV systolic pressure and RV end-diastolic pressure), and serum brain natrium peptide levels. The same group also once used EL as a novel parameter to quantitatively evaluate the pressure overload on the intra-OP caused by stenotic lesions in a 15-month-old boy who suffered from RV failure 8 months after double outlet right ventricle repair. 24 The amount of EL from the main pulmonary artery during the systolic phase considerably decreased after pulmonary valvoplasty with commissurotomy. However, the feasible application of VFM-derived EL within the right ventricle was lacking.
Our study observed that the RV-EL was higher during diastole than systole, whereas the EL in OP was higher during systole than diastole. This scenario was attributed to rapid changes in vorticity and the formation of vortices after the valves in the right side of the heart DTI-S 0 indicates Doppler tissue imaging derived tricuspid lateral annular systolic velocity; EL, energy loss; FAC, fractional area change; OP, right ventricular outflow tract and pulmonary trunk; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion; Tricuspid E/e 0 , ratio of tricuspid inflow early diastolic velocity (E) and lateral tricuspid annular spectral tissue Doppler early diastolic velocity (e 0 ). were opened. Viscosity is an intrinsic property of a fluid that gives rise to the development of frictional heat where turbulence occurs. Thus, EL can be high if there are rapid changes in vorticity (high pulsatility or flow acceleration) or if many small vortices interact (turbulence). 2 More importantly, both systolic and diastolic EL had a negative correlation with age but had a positive correlation with heart rate. The age-related differences in RV-EL may reflect myocardial maturation. According to previous reports, younger children have a higher level of cardiac contractility 25 ; thus, the strong correlation of EL with age can be explained by physiologic alterations in cardiac contractility. The effect of the heart rate on EL may be attributed to the forcefrequency effect, which is defined by myocardial contractility, which is enhanced when heart rate increases. 26 Similar to the reports of Hayashi et al 7 of left ventricular EL, those with a younger age or faster heart rate have increased cardiac contractility, which generates more vortices in the right ventricle and OP and leads to increased dissipation of the flow energy.
In the univariate correlation analysis between indicators of RV function and EL, the dissipative EL was positively correlated with the Tei index and the absolute value of RV global strain. The heart is an adaptive system where hemodynamic forces are exchanged continuously between flowing blood and the surrounding myocardial tissues. 27 The Tei index represents both systolic and diastolic function, and RV global strain reflects systolic function. These parameters of global RV performance are affected by ventricular wall motion. However, there were no significant correlations with TAPSE, fractional area change, DTI-S 0 , and E/e 0 . TAPSE and DTI-S 0 , reflecting systolic function, are 1-dimensional wall motion-derived parameters. Due to the complex nature of RV morphology, these parameters cannot be fully representative of RV global function. E/e 0 reflects diastolic function. These differences most likely explain why these indicators did not correlate with EL. Interestingly, in multiple linear regression analysis, heart rate and strain were just contributors of RV diastolic EL and OP systolic EL. The Tei index was not independently associated with EL. There are 2 possible reasons to explain these phenomena. First, blood flows mainly toward the right ventricle during diastole and to the OP during systole; therefore, the influence of heart rate and strain on the hemodynamic environment is more significant in the right ventricle during diastole and the OP during systole. Another possibility is that both the strain and EL measurement are based on 2-dimensional data. The relative angle independence and variable transducer position made it difficult to comprehensively reflect myocardial function. Thus, variation is rational and should be expected. Expanding the size of the study cohort will be very beneficial in clarifying this further.
Both partly RV outflow tract and pulmonary trunk were included for the calculation of OP dissipative EL. The RV outflow tract and pulmonary trunk are separated by the pulmonary valve, and the resulting blood flow pattern might be different. It is rational to calculate dissipative EL separately. However, it would be difficult to restrict the region of interest to the RV outflow tract. It is a prerequisite for the VFM analysis to track the motion of both the right-side and left-side boundaries between the ventricular/vascular cavity and wall. The RV outflow tract runs perpendicular to echo beams, and cavity wall boundaries on the patient's left side could be difficult to track. Therefore, the OP dissipative EL measurements might be less reproducible unless the main pulmonary trunk is included in the region of interest. These technical reasons make it impossible to calculate dissipative EL within the RV outflow tract and the pulmonary trunk separately. Although further accumulation of data from patients with cardiopulmonary disease is warranted, this noninvasive and accessible flowderived parameter can provide additional information for the assessment of ventricular workload in terms of fluid mechanics.
Limitations
The present investigation had several limitations that should be considered when interpreting our conclusions. First, these preliminary results need to be verified in larger cohorts because of our relatively small number of participants. Second, we used current software for LV analysis to study RV strain because dedicated software for RV strain analysis has not yet been released. Third, the limitations inherent in the VFM analysis should also be addressed. Blood flow is not constrained to any single plane or predefined direction but is more complicated. Thus, 2-dimensional-derived EL may be underestimated. Further technological developments may be useful in providing a better instrument for RV-EL studying. Moreover, the Nyquist limit of color Doppler imaging would affect the EL measurements. In this study, we first ensured an appropriate color scale to maximize mitigation of aliasing phenomena during image acquisition. Subsequently, during the measuring process, if the aliasing phenomenon was observed in color Doppler data, the aliased area was manually corrected. Finally, if aliasing phenomena were still observed after the Nyquist limit was set high enough, we abandoned this image. However, the high Nyquist limit would obscure slow flow, and the EL might be underestimated.
Conclusions
The present study provides an initial validation of RV-EL analysis from VFM images and reference values that can be used in the future evaluation of children with cardiopulmonary disease. The RV diastolic EL, RV systolic EL, OP diastolic EL, and OP systolic EL were negatively correlated with age and RV global strain and positively correlated with heart rate and Tei index. Age, heart rate, and strain were independent variables correlated with dissipative EL.
